The evolution of implant damage in InGaAs is studied for electrically active Si + and isoelectronic P + implants. Extrinsic loops formed by excess interstitials are shown to be less stable upon annealing for n-type Si + implants relative to isoelectronic P + implants. Damage created by P + implants into heavily n-doped InGaAs is also shown to be less stable than damage created by P + implants into unintentionally doped InGaAs indicating that the background doping concentration can significantly effect the evolution of implant damage upon annealing. Previous results have suggested that the electrical activation and diffusion behavior of n-type dopants, like Si in InGaAs, may be strongly influenced by vacancy concentration. TEM results in this study also suggest that heavy n-type doping in InGaAs results in the formation of a large population of vacancy defects that enhance the dissolution or inhibit formation of interstitial loops. Ion implantation is a useful means for introducing dopants into semiconductors but high implant doses often introduce a large number of point defects that form extended defects such as loops upon annealing. For future III-V fin-FET or nanowire devices, ion implantation may still play some role in dopant incorporation. In ion implantation it is desirable to avoid amorphization as the regrowth of amorphous material in fin-FET's result in highly defective regions.
Ion implantation is a useful means for introducing dopants into semiconductors but high implant doses often introduce a large number of point defects that form extended defects such as loops upon annealing. For future III-V fin-FET or nanowire devices, ion implantation may still play some role in dopant incorporation. In ion implantation it is desirable to avoid amorphization as the regrowth of amorphous material in fin-FET's result in highly defective regions. [1] [2] [3] To avoid amorphization, heated implants or implant doses below the amorphization threshold are used but large non-amorphizing doses often result in a large number of sub-threshold dislocation loop defects forming at or near the projected range. A more thorough classification of various type of implant damage in Si 4 and GaAs 5 is outlined in the works of Jones et al. but understanding of the evolution of extended defects in the non-amorphizing regime is of the most technological importance for In x Ga 1-x As. Previous works suggests that the Fermi level of group III-arsenides plays a significant role in modulating the type of point defects [6] [7] [8] and may influence the observed stability and population of extended defects formed by ion implantation in GaAs. 9, 10 This work studies the effect of n-type doping on the stability of extended defects formed by ion implantation.
Experimental

Si
+ and P + implants were chosen as electrically active and isoelectronic implants to study the formation of extended defects from ion implantation in nominally un-doped and heavily n-doped In 0.53 Ga 0.47 As, referred to as InGaAs hereafter. Additionally, the nearly identical atomic mass and atomic radius of Si and P should result in nearly equivalent amounts of as-implanted damage and strain for the same implant dose and energy.
Si + or P + was implanted at 80
• C with an energy of 20 keV and a dose of 6 × 10 14 cm −2 into 300 nm of unintentionally doped InGaAs grown by metal-organic chemical vapor deposition (MOCVD) on semi-insulating InP. Van der Pauw Hall effect measurements of the as-grown MOCVD substrate indicated that the background doping of the substrate was nominally n-type with a background carrier concentration of 7.3 × 10 16 cm −3 . Hall values in this report are based on raw data and are not corrected for the Hall scattering factor. The evolution of extended defects upon annealing at various temperatures and times from n-type, Si + , and isoelectronic, P + , implantation into the nominally un-doped substrate were then compared to determine what effect n-type doping had on defect evolution. z E-mail: aglind@ufl.edu A heavily n-doped InGaAs film was also implanted with 20 keV, 6 × 10 14 cm −2 P + at 80
• C to determine the defect dissolution behavior of isoelectronic P + implants in heavily n-type films formed via epitaxial growth. The heavily doped InGaAs film was grown by solid source MBE at 490
• C on a semi-insulating InP substrate. The InGaAs layer is 380 nm thick with the top 60 nm being heavily doped with Si resulting in a carrier concentration of 2.9 × 10 19 cm −3 . Growth details of this film can be found elsewhere. 11 Damage evolution of the P + implants into the heavily doped MBE InGaAs film and nominally un-doped films were subsequently compared to determine what effect background doping had on extended defect dissolution. After implantation and prior to annealing treatments, all films were encapsulated with a 15 nm thick Al 2 O 3 film deposited by atomic layer deposition (ALD) to minimize surface degradation during annealing. Annealing treatments were performed with conventional rapid thermal annealing (RTA) with a ramp rate of 60
• C/s to the dwell temperature ranging from 550-750
• C and dwell times ranging from 5s to 900s. Post anneal characterization of extended defects was carried out using bright-field transmission electron microscopy (BF-TEM) and high-resolution transmission electron microscopy (HR-TEM). Crosssectional TEM (XTEM) samples were made with a focused ion beam (FIB) using the h-bar technique and plan-view TEM (PTEM) specimens were made using a combination of mechanical pre-thinning and a modified h-bar technique which preserved the specimen surface. Post-implant Si and P profiles were obtained with secondary ion mass spectroscopy (SIMS) using 350 eV Cs + primary ion for sputtering.
Results
Si
+ and P + implants into nominally un-doped MOCVD InGaAs.- Fig. 1 shows the post implant Si + and P + concentration as a function of depth as determined by SIMS for a 20 keV, 6 × 10 14 cm −2 implant at 80
• C into the MOCVD In 0.53 Ga 0.47 As substrate. Post-implant SIMS of the Si + and P + implants are shown to be co-incident at the peak of the implant profile and the projected range of these implants was determined to be 25 nm. It was observed from SIMS profiles that the MOCVD substrates have a large background P concentration from the MOCVD growth, roughly 1 × 10 19 cm −3 . XTEM in Fig. 2 shows the effect that annealing temperature has on defect formation for isochronal 5s RTA treatments at temperatures from 550-750
• C. Annealing treatments of 550
• C for 5s for the P + implants, shown in Fig. 2a , exhibits some evidence of extended defect formation or implant damage. However, Si + implants more clearly demonstrate evidence of defect formation upon annealing at 550
• C, shown in Fig. 2b . This result is consistent with previous reports that activation of implanted Si requires annealing temperatures in excess of 550
• C to promote damage recovery and cause Si activation in InGaAs. 12 Formation of extended defects is shown to increase with annealing at 650
• C for 5s in the case of P + and Si + implanted in InGaAs, shown in Figs. 2c and 2d respectively. Comparison of the defects resulting from implantation of Si + and P + indicates that the defect density and morphology is very similar and a large density of <7 nm sub-threshold loops are shown to form 25 nm below the surface, which is the projected range of the implants. For anneals of 750
• C for 5s the density of defects from the P + and Si + implants, shown in Figs. 2e-2f, decreases relative to the 650
• C anneal in Figs. 2c-2d. Extended defects occurring in the P + implanted material in Fig. 2e are shown to grow in size up to 15 nm and are still centered at the projected range. In the case of Si implanted material annealed at 750
• C for 5s, shown in Fig. 2f , defects are shown to form beyond the 25 nm projected range while defects that nucleated closer to the surface have likely begun to dissolve. This observation is consistent with previous work that showed extended defects forming beyond the projected range. 13 It is evident from the micrographs presented in Fig. 2 that the nucleation of extended defects in Si + and P + implanted materials occurs at similar temperatures and at the onset of extended defect formation both species have similar densities. Direct comparison of defect density from XTEM assumes that sample lamellas are of constant thickness. However, the FIB lamellas in this study ranged from 80-110 nm thick. XTEM results in this study are shown primarily to indicate the depth at which defects are shown to occur which cannot be discerned from PTEM. Comparison of the defect location after annealing at 750
• C indicates that Si + implants result in evolution of the defect band beyond the projected range as well as a reduction of loop defects in contrast to extended defects formed by P + implantation. A second set of isothermal anneals were performed at 650
• C for times ranging from 5s to 900s to observe the evolution of extended defects in Si + and P + implanted InGaAs using a combination of XTEM and PTEM. Figs. 3a-3d shows XTEM of P + implants after annealing at 650
• C for times from 5-900s. P + implants are shown to exhibit ripening and increase in size from <5 nm to 15 nm loops. Figs. 3e-3h shows XTEM of Si + implants after the same annealing treatments. It is observed that the extended defects in the Si-implanted case do not exhibit significant ripening over the observed annealing times and the defect band caused by the implant is observed to become more diffuse with some defects observed well beyond the projected range. In the case of P + implants, the defect band remains at the projected range of the implant, consistent with the micrographs of isochronal annealing shown in Fig. 2 . HR-TEM of a single loop defect resulting from the 20 keV, 6 × 10 14 P + implant after annealing at 650
• C for 320s from the sample shown in Fig. 3c is shown in Fig 4a. Fourier filtering of this defect, shown in Fig. 4b , was used to confirm the extrinsic nature of the defect loops. The extrinsic nature of the observed loops is confirmed by the extra planes of atoms consistent with other accounts of loop defects formed by ion implantation. Burger's circuit analysis of these images indicate that the loops are Frank partials with a Burger's vector of a/3 111 .
PTEM images for P + and Si + implants after annealing treatments at 650
• C are shown in Figs. 5a-5h. It is also evident in plan view that extended defects occurring from P implantation and annealing for 10s, 40s, 320s and 900s in Figs. 5a-5d exhibit more ripening relative to Si implants after annealing for 10s, 40s, 320s and 900s in Figs. 5e-5h. With knowledge of the plan view defect density, average defect size and the planar atomic density of the {111} plane (d {111} = 1.34 × 10 15 cm −2 ), the number of interstitials bound to defect loops as a function of anneal time was estimated and is plotted in Fig. 6 . The very small defects make it difficult to discern precisely the size of the dislocation core relative to the size of the defect observed from the strain contrast in TEM and as a result the actual population of interstitials bound to loops is likely overestimated from the micrographs. It is clear from the plot in Fig. 6 that the number of interstitials bound to loops after annealing at 650
• C due to P + implantation is stable after 40s around 1.6 × 10 14 cm −2 whereas longer annealing times for Si + implants result in a much lower number of interstitials, around 2.7 × 10 13 cm −2 . The total number of interstitials bound in loops is shown to be less than the implanted dose of 6 × 10 14 cm −2 for the implant conditions used in this work. Previous studies of lower dose As, Ge, and Se implants into GaAs have also shown no direct dependence on the interstitial population with implant dose and suggest that implant energy, or knock-on effects, and the electrical properties of dopants may also modulate population of interstitials. 5 In this study, energy and damage effects between the Si + and P + implants used are nearly identical suggesting that the observed differences in defect dissolution are related to electrical effects.
P
+ implants into unintentionally doped InGaAs and heavily ntype InGaAs.-20 keV, 6 × 10 14 cm −2 P + implants into the nominally un-doped MOCVD and the heavily doped MBE InGaAs films were annealed for 400s at 650
• C to observe the defect evolution of isoelectric P + implants as a function of background n-type doping. SIMS of the MBE film, Fig. 7 , shows that the peak of the P + implant is centered in the heavily Si-doped regions of the MBE grown layer. XTEM of the heavily doped MBE and unintentionally doped MOCVD films after 400s anneals is shown in Figs. 8a and 8b respectively. The micrographs in Fig. 8 interstitials bound by loops. The comparison of P + implants into both un-doped and heavily doped substrates suggests that the reduced nucleation of extended defects is not due exclusively to the implanted dopant species in InGaAs but also a result of the background electrical activation. 
Discussion
Previous work has observed dissolution of type II loop type defects formed by n-type Si + and Ge + implants into GaAs and InGaAs 10, [14] [15] [16] [17] while this work, more specifically, compares the defect evolution of n-type and isoelectronic implant species into InGaAs. The micrographs presented in this work indicate that extended defect evolution in InGaAs is very different for Si + and P + implants despite having nearly identical amounts of implant-induced damage for a fixed dose and energy. P + implant damage in InGaAs behaves in a manner that is consistent with most reports of non-amorphizing interstitial loops formed in other materials but Si + implant damage is shown to deviate from P + implant damage in a few ways. XTEM of Si + implants shows that extended defect loops nucleates well beyond the projected range with increasing annealing times or temperatures whereas in the case of P + implants the defect band is shown to remain near the projected range with the same annealing treatments. Secondly, loop defects due to Si + implants do not show appreciable growth upon annealing and instead tend to dissolve and nucleate beyond the projected range whereas P + implants are shown to nucleate and grow with increasing annealing time, remaining centered about the projected range. Finally, P + implants into heavily n-doped and unintentionally doped InGaAs indicate that the evolution of extrinsic loops is dependent on the background electrical properties of the implanted material. These results suggest that the electrical properties of a given dopant species and the background doping of the InGaAs films play important roles in the evolution of extended defects in InGaAs. This effect is presumably due to large changes in point defect populations based on the Fermi level of the InGaAs.
In the case of heavily n-doped InGaAs and GaAs, the formation energy of group III vacancies (V III ) is calculated to rapidly decrease as the Fermi level is shifted near or into the conduction band resulting in a large increase in the population of vacancy defects formed by Frenkel pair formation. 6, [18] [19] [20] [21] [22] Positron annihilation studies in GaAs have experimentally shown that heavily n-type regions result in vacancy rich regions but there is otherwise limited direct evidence of vacancies in n-type InGaAs and GaAs. [23] [24] [25] [26] Previous studies have used the growth of interstitial loops formed by ion implantation as a means to detect increases in the interstitial defect fluxes in Si and SiGe 27, 28 and in this work the reduced nucleation of interstitial loops in n-type material is seemingly evidence of an increase in the vacancy population in heavily n-type InGaAs.
50 nm Previous experimenters have hypothesized that the large discrepancy between the electrically active and chemical concentration of ion implanted Si is due to amphoteric occupation of group III and group V sites by Si. 29 However, the formation of donor-vacancy complexes in InGaAs can also explain the observed electrical compensation of group IV and group VI, n-type dopants 30, 31 as well as the concentration dependent diffusion present in heavily Si doped regions. 11, 32, 33 In the case of Si implants into nominally un-doped InGaAs, the high peak concentration of 1 × Shifts of the Fermi level toward the conduction band, occurring from high dose Si + implantation and activation, reduces the formation energy for V III in III-V arsenides and can result in a large increase in vacancy defects. 18, 24 V III formed as a result of heavy n-type doping are free to consume the excess interstitials resulting from ion implantation. Isoelectronic P + implants will not move the Fermi level toward the conduction band and extended defects nucleate and grow without the influence of excess vacancies occurring due to Fermi level effects. Likewise, P + implants into the heavily doped n-type MBE InGaAs films show reduced nucleation relative to the same P + implant into unintentionally doped MOCVD InGaAs films. This effect is presumably due to a higher concentration of vacancies in the heavily doped substrate. Previous reports show also that the stability of isoelectronic Al + implant damage was improved by increasing the p-type background doping in GaAs 9 further suggesting that the Fermi level influences the stability of extended defects in III-V arsenides.
Previous experiments may also elucidate the observed dissolution and nucleation of defects in Si implanted InGaAs. Studies of heavily Si doped InGaAs sub-collectors in heterojunction bipolar transistors have indicated that the formation of group III Frenkel pairs (V III + i III ) in the heavily doped subcollector act as a source of interstitials which enhance Zn diffusion in the base. 34 Interstitials resulting from Frenkel pair formation may be injected beyond the implanted Si concentration profile. This injection of interstitials into the bulk could then increase the interstitial saturation beyond the peak of the implant profile causing some defects to form beyond the projected range while defects nearer to the surface are able to dissolve during the anneal. There was no evidence from XTEM of loop defects forming beyond the projected range in the case of isoelectronic, P + implantation, presumably due to a lack of interstitial injection occurring from Frenkel pair formation.
Conclusions
In conclusion, sub-threshold defect loops from 20 keV, 6 × 10 14 cm −2 Si + and P + implants are shown to exhibit similar concentrations and locations in InGaAs at the onset of nucleation upon annealing at 650
• C for 5s. Evolution of extended defects formed from P + implantation in unintentionally doped InGaAs is observed to be more stable than extended defect formed by Si + implantation upon thermal annealing. The observed difference in implant damage evolution between P + and Si + implants is likely due to Si + doping shifting the Fermi level toward the conduction band which reduces the formation energy and thereby increasing the population of V III defects. Similarly, decreased stability of extended defects formed by P + implantation in heavily n-type InGaAs relative to P + implants into nominally un-doped InGaAs further suggests that the defect evolution is highly dependent on Fermi level effects and not a species effect alone.
The presence of large vacancy populations in heavily n-doped InGaAs also agrees well with other experimental observations of implanted dopants such as the electrical compensation of Si and Se and the heavily concentration-dependent diffusion of Si. 32, 35, 36 This study also suggests that the formation of interstitial loops due to implantation may be an effective means of obtaining indirect evidence of vacancy populations in other materials systems that have highly Fermi-level dependent point defect populations.
